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Experimental Section
General Methods: Reagents were purchased from Aldrich or synthesized as described.  The
TTF-containing tosylates 1 and 7,1 the iodide 9,2 α,α'-[1,4-phenylene-bis(methyl-ene)]bis(4,4'-
bipyridium) bis(hexafluorophosphate)3 (1 3.2PF6), and the dibromide 164 were all prepared
according to literature procedures.  Solvents were purified as described5 in the appropriate
literature.  Thin-layer chromatography (TLC) was carried out using aluminum sheets, precoated
with silica gel 60F (Merck 5554).  The plates were inspected by UV-light prior to development
with iodine vapor.  Melting points were determined on an Electrothermal 9200 apparatus and are
uncorrected.  UV/visible spectra were obtained using a Varian Cary 100 Bio spectrophotometer.
Proton (1H) and carbon (13C) nuclear magnetic resonance (NMR) spectra were recorded on
Bruker Avance 500, Avance 600 or ARX 500 spectrometers using the deuterated solvent as lock
and the residual protiated solvent as internal standard.  Chemical shifts are quoted on the δ scale
and coupling constants (J) are expressed in Hertz (Hz).  Electrospray mass spectra (ESI-MS)
were measured on a VG ProSpec triple focusing mass spectrometer.  Elemental analyses were
performed by Quantitative Technologies Inc.
4: A mixture of the tosylate 11 (1.05 g, 1.77 mmol), 2,6-diisopropylphenol (2) (0.63 g, 3.53
mmol), K2CO3 (0.98 g, 7.07 mmol), LiBr (50 mg, cat. amount) and 18-crown-6 (25 mg, cat.
amount) in MeCN (30 mL) was heated under reflux for 24 h.  The resulting suspension was
filtered and the solid was washed with Me2CO until the filtrate was colorless.  The organic
filtrate was evaporated and subjected to column chromatography (SiO2: hexanes/EtOAc 1:2) to
give 4 (0.76 g, 72%) as a red yellowish oil.  1H NMR (CD3COCD3, 500 MHz, 298 K): δ = 1.18,
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1.19 ( 2 x d,  J = 7.0 Hz, 12 H), 3.42 (septet, J = 7.0 Hz, 2 H), 3.49 (t, J = 5.1 Hz, 2 H), 3.58-3.61
(m, 6 H), 3.64-3.67 (m, 2 H), 3.69-3.72 (m, 2 H), 3.80 (t, J = 4.8 Hz, 2 H), 3.90 (t, J = 4.6 Hz, 2
H), 4.31 (d, J = 0.8 Hz, 2 H), 4.36 (d, J = 0.8 Hz, 2 H), 6.53-6.56 (m, 2 H), 7.02-7.09 (m, 3 H);
13C NMR (CD3COCD3, 125 MHz, 298 K): δ = 23.4, 25.8, 60.9, 67.5, 67.6, 69.0, 69.2, 70.0, 70.2,
70.5, 72.5, 73.9, 109.8, 116.4, 116.5, 116.5, 116.6, 123.7, 124.4, 134.6, 134.7, 134.8, 141.6,
153.1; MS (MALDI): m/z (%) = 600.2 (100); Elemental Analysis: calcd (%) for C28H40O6S4: C
55.97, H 6.71; found C 55.83, H 6.69.
6: A mixture of 4 (0.68 g, 1.13 mmol), Et3N (0.5 mL) and N,N-dimethyl-4-aminopyridine (20
mg) in CH2Cl2 (50 mL) was stirred at –10 °C and a solution of tosyl chloride (0.43 g, 2.25 mmol)
in CH2Cl2 (20 mL) was added dropwise.  The reaction mixture was stirred at room temperature
for 2 days before being concentrated and subjected to column chromatography (SiO2:
CH2Cl2/EtOH 100:1) to give 6 (0.83 g, 98%) as a red-yellow oil.  1H NMR (CD3CN, 500 MHz,
298 K): δ = 1.16, 1.17 (2 x d,  J = 7.0 Hz, 12 H), 2.42 (s, 3 H), 3.37 (septet, J = 7.0 Hz, 2 H),
3.46-3.47 (m, 4 H), 3.57-3.62 (m, 4 H), 3.65-3.67 (m, 2 H), 3.74-3.77 (m, 2 H), 3.83-3.86 (m, 2
H), 4.08-4.11 (m, 2 H), 4.20 (d, J = 0.8 Hz, 2 H), 4.30 (d, J = 0.8 Hz, 2 H), 6.34-6.39 (m, 2 H),
7.04-7.11 (m, 3 H), 7.40 (d, J = 8.3 Hz, 2 H), 7.76 (d, J = 8.3 Hz, 2 H); 13C NMR (CD3COCD3,
125 MHz, 298 K): δ = 20.7, 23.5, 25.8, 67.6, 67.7, 68.3, 69.0, 69.3, 70.1, 70.2, 70.5, 73.9, 109.8,
116.4, 116.5, 116.6, 123.7, 124.5, 127.7, 129.8, 133.3, 134.6, 134.7, 134.8, 134.8, 141.6, 144.8,
153.1; MS (EI): m/z (%) = 754.2 (12), 266.2 (100); Elemental Analysis: calcd (%) for
C35H46O8S5: C 55.67, H 6.14; found C 55.96, H 5.85.
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10: Under an argon atmosphere, a solution of 5-iodo-1-naphthol (9)2 (3.3 g, 12.2 mmol), 1,4-
diethynylbenzene (8) (0.70 g, 5.5mmol), PdCl2(PPh3)2 (195 mg, 0.28 mmol) and CuI (106 mg,
0.55 mmol) in Et3N (50 mL) was heated under reflux for 4 h.  The resulting brown suspension
was filtered and the solid was washed with Me2CO.  The organic filtrate was evaporated to
dryness and the residue partitioned between Et2O (50 mL) and aqueous HCl (2 N, 25 mL).  The
aqueous phase was extracted with Et2O (2 × 50 mL).  The combined organic phases were dried
and evaporated to give the crude product, which was subjected to column chromatography (SiO2:
CH2Cl2/MeOH 50:1) to afford 10 (1.9 g, 85%) as a yellow solid.  M.p.: 222 °C (decomp); 1H
NMR (CD3COCD3, 500 MHz, 298 K): δ = 7.02 (d, J = 7.5 Hz, 2 H), 7.44-7.50 (m, 4 H), 7.70 (s,
4 H), 7.78 (d, J = 8.2 Hz, 2 H), 7.96 (d, J = 8.4 Hz, 2 H), 8.32 (d, J = 8.4 Hz, 2 H), 9.35 (bs, 2
H); 13C NMR (CD3COCD3, 125 MHz, 298 K): δ = 89.8, 93.4, 108.8, 116.9, 119.8, 123.2, 123.4,
123.9, 124.8, 127.5, 130.9, 131.6, 134.4, 153.6; MS (EI): m/z (%) = 412 (100); Elemental
Analysis: calcd (%) for C30H18O2: C 87.78, H 4.42; found C 87.82, H 4.40.
11: A solution of 6 (0.80 g, 1.05 mmol), the dinaphthol 10 (0.20 g, 0.48 mmol), K2CO3 (0.27 g,
1.92 mmol), LiBr (15 mg, cat. amount) and 18-crown-6 (15 mg, cat. amount) in anhydrous
MeCN (20 mL) was heated under reflux for 16 h.  The mixture was filtered and the solid was
washed with CH2Cl2.  The combined organic solution was concentrated and the residue was
purified by column chromatography (SiO2: hexanes/EtOAc 2:1) to give 11 (0.45 g, 36%) as a
yellow semi-solid.  1H NMR (CDCl3, 500 MHz, 298 K): δ = 1.16, 1.17 (2 x d,  J = 7.0 Hz, 24 H),
3.39 (septet, J = 7.0 Hz, 4 H), 3.64-3.68 (m, 8 H), 3.75-3.80 (m, 8 H), 3.84-3.87 (m, 4 H), 3.91-
3.94 (m, 4 H), 3.99 (t, J = 4.6 Hz, 4 H), 4.31 (t, J = 4.6 Hz, 4 H), 4.32 (bs, 8 H), 6.12 (bs, 4 H),
6.88 (d, J = 7.7 Hz, 2 H), 7.10 (s, 6 H), 7.44-7.66 (m, 4 H), 7.78 (s, 4 H), 7.79 (d, J = 6.9 Hz, 2
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H), 8.04 (d, J = 8.5 Hz, 2 H), 8.34 (d, J = 8.5 Hz, 2 H); 13C NMR (CDCl3, 125 MHz, 298 K): δ =
24.1, 26.2, 60.3, 67.9, 68.2, 69.3, 69.7, 70.5, 70.9, 73.7, 89.9, 93.8, 105.5, 116.3, 118.5, 120.0,
123.2, 123.9, 124.5, 124.6, 125.5, 126.9, 131.1, 131.6, 132.4, 134.2, 134.4, 141.7, 152.9, 154.7;
MS (FAB): m/z (%) = 1576 (100); Elemental Analysis: calcd (%) for C86H94O12S8: C 65.53, H
6.01; found C 65.45, H 6.04.
12: A solution of 71 (0.50 g, 0.64 mmol), the dinaphthol 10 (0.12 g, 0.29 mmol), K2CO3 (0.20
g, 1.45 mmol), LiBr (5 mg, cat. amount) and 18-crown-6 (5 mg, cat. amount) in anhydrous
MeCN (20 mL) was heated under reflux for 16 h.  The mixture was filtered and the solid was
washed with CH2Cl2.  The combined organic solution was concentrated and the residue was
purified by column chromatography (SiO2: hexanes/EtOAc 2:1) to give 12 (0.15 g, 26%) as a
yellow semi-solid.  1H NMR (CD3COCD3, 500 MHz, 298 K): δ = 1.28 (dd, J1 = 7.0 Hz, J2 = 1.2
Hz, 24 H), 3.50-3.56 (m, 4 H), 3.70-3.68 (m, 8 H), 3.73-3.76 (m, 4 H), 3.79-3.81 (m, 4 H), 3.87-
3.90 (m, 4 H), 4.01-4.04 (m, 8 H), 4.37 and 4.39 (2 x s, 8 H), 6.52, 6.57 and 6.58 (3 x s, 4 H),
7.10 (d, J = 7.6 Hz, 2 H), 7.56 (dt, J1 = 7.6 Hz, J2 = 0.9 Hz, 2 H), 7.60 (t, J = 8.5 Hz, 2 H), 7.75
(s, 4 H), 7.79 (t, J = 1.2 Hz, 4 H), 7.86 (dd, J1 = 7.3 Hz, J2 = 0.9 Hz, 2 H), 8.07 (d, J = 9.0 Hz, 2
H), 8.40 (d, J = 8.5 Hz, 2 H), 9.98 (s, 2 H); 13C NMR (CD3COCD3, 125 MHz, 298 K): δ = 23.2,
26.1, 67.6, 67.7, 68.1, 69.2, 69.3, 69.3, 70.1, 70.4, 70.5, 74.2, 89.6, 93.5, 105.8, 116.4, 116.5,
117.9, 119.8, 123.2, 124.5, 125.5, 125.6, 127.3, 131.0, 131.6, 133.4, 134.1, 134.7, 134.8, 143.0,
154.9, 158.5, 191.2; MS (HR-ESI): calcd for C88H94O14S8: 1630.4409, found 1630.4442.
TPD: NaBH4 (3 mg, 79 µmol) was added into a solution of 12  (50 mg, 31 µmol) in
CH2Cl2/MeOH (1 mL/2 mL) and the reaction mixture was heated under reflux for 5 mins.  It was
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then concentrated and the solid residue was extracted with CH2Cl2, followed by filtration through
cotton.  The filtrate was concentrated to give the expected diol as a yellow solid (50 mg) which
was used directly in the next step without further purification.  A solution of thioctic acid (14
mg, 67 µmol), DCC (19 mg, 92 µmol), DMAP (1 mg, cat.) and the diol (50 mg, 31 µmol) —
obtained from the borohydride reduction — in CH2Cl2 (3 mL) was stirred for 1 h at room
temperature.  The mixture was filtered, evaporated and then subjected to column
chromatography (SiO2: hexanes/EtOAc 1:2) to give TPD (58 mg, 95%) as a yellow semi-solid.
1H NMR (CD2Cl2, 500 MHz, 298 K): δ = 1.20 (d, J = 7.0 Hz, 24 H), 1.40-1.54 (m, 12 H), 1.60-
1.72 (m, 4 H), 1.85-1.90 (m, 2 H), 2.35 (t, J = 7.4 Hz, 2 H), 2.43 (m, 2 H), 3.06-3.18 (m, 4 H),
3.33-3.39 (septet, J = 7.0 Hz, 4 H), 3.39-3.45 (m, 2 H), 3.51-3.57 (m, 2 H), 3.59-3.63 (m, 8 H),
3.69-3.72 (m, 4 H), 3.76-3.78 (m, 4 H), 3.79-3.81 (m, 4 H), 3.87-3.90 (m, 4 H), 3.99 (t, J = 4.4
Hz, 4 H), 4.28-4.30 (m, 8 H), 4.33 (t, J = 4.4 Hz, 4 H), 6.21, 6.23 and 6.25 (3 x s, 4 H), 6.93 (d, J
= 7.6 Hz, 2 H), 7.48 (t, J = 7.7 Hz, 2 H), 7.52 (t, J = 7.7 Hz, 2 H), 7.68 (s, 4 H), 7.80 (d, J = 7.3
Hz, 2 H), 8.02 (d, J = 8.5 Hz, 2 H), 8.34 (d, J = 8.5 Hz, 2 H); 13C NMR (CD3COCD3, 125 MHz,
298 K): δ = 24.7, 25.0, 25.6, 26.3, 28.7, 34.0, 38.5, 40.2, 56.4, 66.3, 68.2, 69.6, 69.6, 69.7, 70.5,
70.8, 70.9, 70/9. 74.0, 89.8, 100.5, 105.7, 116.1, 116.3, 118.4, 120.1, 123.2, 123.3, 124.1, 124.6,
127.1, 131.1, 131.6, 132.2, 134.3, 134.7, 142.1, 153.1, 156.4, 173.1; MS (HR-ESI): calcd for
C104H122O16S12: 2010.5381, found 2010.5683.
Preparation of PPR.8PF6 and 15.4PF6: A solution of 11 (0.19 g, 0.12 mmol), 13.2PF63 (0.85
g, 1.21 mmol) and 1,4-bis(bromomethyl)benzene (14) (0.32 g, 1.21 mmol) in anhydrous DMF
(10 mL) was stirred for 7 days at room temperature.  The green suspension was subjected
directly to column chromatography (SiO2).  Recovered PPD was eluted with Me2CO, whereupon
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the eluent was changed to Me2CO/NH4PF6 (1.0 g NH4PF6 in 100 mL Me2CO) and the green band
was collected.  Most of the solvent was removed under vacuum, followed by the addition of H2O
(50 mL).  The resulting precipitate was collected by filtration and subjected to preparative thin-
layer chromatography (PTLC) with Me2CO/NH4PF6 (1.0 g NH4PF6 in 100 mL Me2CO) as the
eluent to give PPR.8PF6 (40 mg, 9%) and [2]rotaxane 15.4PF6 (80 mg, 25%) as green solids.
PPR.8PF6: m.p. 189-192 °C (decomp); 1H NMR (CD3CN, 500 MHz, 298 K): δ  = 1.15-1.19
(m, 24 H), 3.30-3.39 (m, 4 H), 3.80-4.30 (m, 32 H), 4.40 (s, 4 H), 4.47 (s, 4 H), 5.51-5.60 (m, 8
H), 5.65-5.80 (m, 8 H), 6.06, 6.07, 6.21, 6.26 (4 x s, 4 H), 6.90-7.30 (m, 10 H), 7.50-8.00 (m, 44
H), 8.70-9.10 (m, 16 H); MS (HR-ESI): m/z (%) = 1742.3853 (18) [M – 2PF6]2+, 1113.2707
(100) [M – 3PF6]3+, 798.7121 (16) [M – 4PF6]4+.
15.4PF6: m.p. 139-142 ° C (decomp); 1H NMR (CD3CN, 500 MHz, 298K):
δ = 1.09-1.14 (m, 12 H), 1.14-1.17 (m, 12 H), 3.25-3.45 (m, 4 H), 3.50-4.45 (m, 40 H), 5.40-5.55
(m, 4 H), 5.60-5.75 (m, 4 H), 5.99, 6.01, 6.13, 6.19 (four singlets, 2 H), 6.90-7.30 (m, 10 H),
7.50-8.40 (m, 42 H), 8.65-9.00 (m, 4 H); MS (HR-ESI): m/z (%) = 1192.3595 (32) [M – 2PF6]2+,
746.5788 (97) [M – 3PF6]3+, 523.6902 (100) [M – 4PF6]4+.
18: A solution of the dibromide 164 (1.00 g, 3.30 mmol), ethylene glycol (17) (1.00 g, 16.2
mmol), DCC (1.34 g, 6.50 mmol), and DMAP (20 mg, cat.) in CH2Cl2 (30 mL) was stirred
overnight at room temperature.  The reaction mixture was filtered and the filtrate was
concentrated under vacuum.  The resulting oil was subjected to column chromatography (SiO2:
hexanes/EtOH 15:1) to give 18 (0.37 g, 33%) as a white semi-solid.  1H NMR (CDCl3, 500 MHz,
298 K): δ = 2.68 (t, J = 5.5 Hz, 1 H), 3.95 (m, 2 H), 4.44 (s, 2 H), 4.45 (t, J = 4.4 Hz, 2 H), 4.88
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(s, 2 H), 7.42 (s, 1 H), 7.49 (d, J = 2.0 Hz, 1 H), 7.99 (d, J = 2.0 Hz, 1 H); 13C NMR (CDCl3, 125
MHz, 298 K): δ = 31.2, 31.7, 60.8, 67.0, 129.4, 131.8, 132.2, 133.1, 138.4, 138.9, 166.2; MS
(EI): m/z (%) = 349.9 (10), 351.9 (20), 353.9 (10).  This sample contained a trace of N,N-
dicyclohexylurea as an impurity from the DCC-coupling reaction.
20.2PF6: A mixture of the dibromide 18 (1.15 g, 3.27 mmol), 4,4'-bipyridine (19) (3.06 g, 19.6
mmol), and NH4PF6 (2.13 g, 16.3 mmol) in MeCN (30 mL) was heated under reflux for 5 h.  The
organic solvent was evaporated.  Addition of H2O resulted in the formation of a sticky precipitate
which was isolated and subjected to column chromatography (SiO2: MeOH/NH4Cl (2M)/MeNO2
7:2:1).  The fractions containing the product were combined and concentrated.  NH4PF6 was
added to precipitate 20.2PF6 (2.33 g, 90%) as a white solid.  M.p. 192.5 – 194.0 °C; 1H NMR
(CD3CN, 500 MHz, 298 K): δ = 3.03 (bs, 1 H), 3.73 (t, J = 4.6 Hz, 2 H), 4.31(t, J = 4.6 Hz, 2 H),
5.86 (s, 2 H), 6.08 (s, 2 H), 7.58 (d, J = 4.6 Hz, 1 H), 7.77 (m, 5 H), 8.27 (d, J = 6.8 Hz, 2 H),
8.33 (s, 1 H), 8.33(d, J = 6.8 Hz, 2 H), 8.82, 8.84 (2 x d, 4 H), 8.87 (d, J = 6.8 Hz, 2 H); 13C
NMR (CD3CN, 125 MHz, 298 K): δ = 59.4, 61.8, 62.7, 67.5, 121.7, 125.7, 126.2, 131.0, 132.6,
133.4, 133.8, 133.9, 135.1, 140.9, 141.0, 145.0, 151.0, 151.1, 165.5; MS (ESI): Calcd for [M –
PF6]+ 649.1, found 649.1; Elemental Analysis: calcd (%) for C31H29F12N4O3P2: C 46.86, H 3.55;
found C 46.50, H 3.59.
22.2PF6: A solution of 20.2PF6 (0.57g, 0.72 mmol), thioctic acid 21 (0.44 g, 2.15 mmol), DCC
(0.44 g, 2.15 mmol), and DMAP (20 mg, cat.) in MeCN (20 mL) was stirred overnight at room
temperature.  The reaction mixture was filtered and the filtrate was concentrated under vacuum.
The resulting oil was subjected to column chromatography (SiO2: NH4PF6/Me2CO 1 g:100 mL)
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to give 22.2PF6 (0.69 g, 98%) as a yellow solid.  M.p. 105.0 – 107.0 °C; 1H NMR (CD3COCD3,
500 MHz, 298 K): δ  = 1.52-1.36 (m, 6 H), 1.85 (m, 1 H), 2.31 (t, J = 7.3 Hz, 2 H), 2.42 (m, 1
H), 3.09 (m, 1 H), 3.15 (m, 1 H), 3.50 (m, 1 H), 4.43 (t, J = 4.6 Hz, 2 H), 4.56 (t, J = 4.6 Hz, 2
H), 6.31 (s, 2 H), 6.47 (s, 2 H), 7.86 (d, J = 4.5 Hz, 1 H), 7.97 (m, 4 H), 8.10 (d, J = 4.5 Hz, 1 H),
8.55 (s, 1 H), 8.64 (d, J = 6.8 Hz, 2 H), 8.68 (d, J = 6.8 Hz, 2 H), 8.87 (m, 4 H), 9.23(d, J = 6.8
Hz, 2 H), 9.41 (d, J = 6.8 Hz, 2 H); 13C NMR (CD3COCD3, 125 MHz, 298 K): δ = 24.2, 33.2,
34.2, 38.0, 39.9, 56.2, 61.4, 61.8, 62.9, 63.9, 125.7, 126.2, 130.6, 132.6, 133.5, 134.3, 134.7,
135.6, 141.0, 141.0, 145.5, 145.5, 151.1, 154.2, 154.5; MS (ESI): Calcd for [M – PF6]+ 837.2,
found 837.2; Elemental Analysis: calcd (%) for C39H40F12N4O4P2S2: C 47.66, H 4.10; found C
47.31, H 4.13.
Preparation of TPR.8PF6 and 23.4PF6: A solution of 11 (0.23 g, 0.15 mmol), 22.2PF6 (1.21
g, 1.23 mmol), 1,4-bis(bromomethyl)benzene (9) (0.33 g, 1.23 mmol) and NH4PF6 (0.48 g, 2.92
mmol) in anhydrous DMF (15 mL) was stirred for 7 days under 12 kbar at room temperature.
Et2O (150 mL) was added to the green suspension to give a green precipitate.  The crude mixture
was subjected to column chromatography (SiO2).  The column was eluted, firstly with Me2CO
and then subsequently with Me2CO/NH4PF6 (1.0 g NH4PF6 in 100 mL Me2CO).  Two green
bands were collected and concentrated under vacuum before H2O (50 mL) was added.  The
resulting precipitates were collected by filtration to give TPR.8PF6 (52 mg, 10%) and 23.8PF6
(50 mg, 14%) as green solids.
TPR.8PF6: 1H NMR (CD3COCD3, 500 MHz, 298 K): δ  = 1.06-1,18 (m, 24 H), 1.35-1,44 (m,
2 H), 1.49-1.69 (m, 10 H), 1.78-1.86 (m, 2 H), 2.32-2.44 (m, 6 H), 3.05-3.16 (m, 4 H), 3.32-3.43
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(m, 4 H), 3.47-3.52 (m, 2 H), 3.64-4.75 (m, 48 H), 5.77-6.38 (m, 20 H), 6.94-8.51 (m, 52 H),
9.16-9.61 (m, 16 H); MS (HR-ESI): m/z (%) = 2018.4293 (55) [M – 2PF6]2+, 1297.2979 (87) [M
– 3PF6]3+, 936.7322 (100) [M – 4PF6]4+, 720.4092 (22%) [M – 5PF6]5+.
23.4PF6: 1H NMR (CD3COCD3, 600 MHz, 298 K): δ  = 1.10-1.19 (m, 24 H), 1.40-1.76 (m, 6
H), 1.84-1.91 (m, 1 H), 2.35-2.45 (m, 3 H), 3.08-3.12 (m, 1 H), 3.16-3.21 (m, 1 H), 3.37-3.45 (m,
4 H), 3.51-3.57 (m, 1 H), 3.90-4.85 (m, 48 H), 5.83-6.44 (m, 10 H), 6.99-8.58 (m, 37 H), 9.23-
9.67 (m, 8 H); MS (HR-ESI): m/z (%) = 1330.3129 (30) [M – 2PF6]2+, 838.6206 (100) [M –
3PF6]3+, 592.7048 (21) [M – 4PF6]4+.
Experimental Procedures for Electrochemical and Spectroelectrochemical Measurement
Electrochemical and spectroelectrochemical experiments were carried out at room temperature
in argon-purged MeCN solutions, with a Princeton Applied Research 263A Multipurpose
instrument interfaced to a PC. Cyclic voltammetric experiments were performed using a glassy
carbon working electrode (0.018 cm2, Cypress Systems); its surface was polished routinely with
a 0.05 µm alumina-water slurry on a felt surface immediately before use. The counter electrode
was a Pt wire and the reference electrode was an SCE. Tetrabutylammonium
hexafluorophosphate (0.1 M) was added as supporting electrolyte. Cyclic voltammograms were
obtained at scan rates ranging from 2 to 1000 mV s-1. For reversible processes, E1/2 was
calculated from an average of the cathodic and anodic cyclic voltammetric peaks. To establish
the reversibility of a process, we used the critieria of (i) 60 mV between cathodic and anodic
peaks, and (ii) close to unity ratio of the intensities of the cathodic and anodic currents. Low
temperature studies were performed in a slurry of o-xylene with liquid nitrogen.
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Spectroelectrochemical experiments were made in a custom built optically-transparent thin layer
electrochemical (OTTLE) cell6 with an optical path of 1 mm, using a Pt grid as working
electrode, a Pt wire as counter electrode and a Ag wire pseudo reference electrode. Experimental
errors: potential values, +/– 10 mV; absorption maxima, +/– 2 nm.
Analysis of Cantilever Bending Mechanics Based on Hooke’s Law
Using simple geometrical assumptions and continuum calculations, we can approximate the
tension that each rotaxane molecule exerts, as well as the amount of compression that takes place
on the functionalized face of the cantilever, and relate them to our experimental measurements.
First let’s assume that all rotaxane molecules are randomly distributed on the top surface of the
cantilever, both in position and in orientation.  Since only the top surface of the cantilever is
functionalized, we expect the bottom surface to remain at its original length upon contraction of
the rotaxane molecules.  If we assume that the curvature is uniform along the cantilever, we can
use basic trigonometry to calculate the length of the top surface of the uniformly bent cantilever
as a function of the vertical position of the tip.  The relevant equations are the following (in the
derivation we have used the fact that the cantilever is deflected upwards)—
L = (R – d)(Lo/R) (1)
h = R(1- cos(Lo/R)) (2)
where L is the length of the top face of the cantilever, R is the radius of curvature of the bottom
face of the cantilever, d is the cantilever thickness, Lo the cantilever length, and h the tip vertical
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displacement from equilibrium.  We can construct a function that gives the length of the
functionalized face of the cantilever by selecting a set of values for the vertical tip position, then
calculating the corresponding radius of curvature with equation (2) and then inserting it into
equation (1).  At the same time, we can use the cantilever force constant to calculate the elastic
energy of the cantilever as a function of the vertical position of the tip using Hooke’s law —
F = k h (3)
E = 1/2 k h2  (4)
where F is the vertical force applied to the cantilever tip, k the force constant, h the tip vertical
displacement from equilibrium, and E the elastic energy.
These equations allow for the top surface length and the total elastic energy of the cantilever as a
function of the tip position to be calculated.  If we now calculate the derivative of the total elastic
energy with respect to the length of the top surface of the cantilever, we obtain the magnitude of
the tension we would have to apply on the top face, between both ends of the cantilever, in order
to deflect it to each respective tip position.  We call this tension Ftop.  Note that Ftop is different
than the force in equation (3). Ftop is a force along the cantilever length. The force in equation
(3) is a vertical force.
Since we have assumed that the rotaxane molecules are uniformly distributed on the top face of
the cantilever, we can calculate the average surface area that each molecule occupies.  Since we
don’t know the orientation of the molecules, we can approximate this surface area as a square,
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and with that we can calculate the number of molecules that fit across the width of the cantilever.
This calculation gives us approximately 26,500, from which we can obtain the average force
(tension) on each rotaxane using the following equation —
Fmolecule = (π/2)Ftop / 26,500 (5)
where Fmolecule is the tension in each molecule.  The factor π/2 is introduced to account for the
random orientation of each molecule with respect to the cantilever axis since only the component
of the force oriented along this axis contributes to the vertical displacement of the tip of the
cantilever.   Note that the total force is divided only among molecules located side-by-side on the
cantilever since the tension is not additive along the cantilever length.
Figure S1 shows the calculated average tension in each individual molecule as a function of the
tip vertical displacement.  The value for a vertical displacement of 35 nm is 10.2 pN.
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Figure S1.  Calculated average tension in each rotaxane as a function of the
cantilever tip vertical position.
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This calculated value of the tension is in the order of magnitude of the force calculated as a result
of the electrostatic interactions within each rotaxane molecule, although smaller in magnitude.
This result is reasonable, since in this analysis we have assumed that the tension is uniform on
the top surface of the cantilever.  However, this assumption is not strictly true, since compression
of the surface only occurs between the anchors of the rotaxane molecule, so that the tension
required of each molecule is greater than what we have calculated. The possibility that not all
molecules are anchored in a way that they can effectively contribute to the deflection of the
cantilever must also be taken into account. Thus, the force exerted by those molecules that are
properly anchored needs to be greater.  Nevertheless, this simple analysis gives remarkable
insight and agreement between theory and experiment.
The calculations performed using equation (1) show that the change in length of the top surface
of the cantilever is only 0.14 nm over the entire length of the cantilever.  This contraction gives a
value of 0.001 pm for the average change in separation between the anchors of the rotaxane
molecule as the TTF unit is oxidized.  This change in separation is also underestimated in this
analysis by assuming that compression of the surface occurs uniformly, but since its value is six
orders of magnitude smaller than the range of motion of the molecular muscle, we can conclude
that the effective contraction of the muscle is negligible in this process.
References:
(1) (a) Baller, M. K.; Lang, H. P.; Fritz, J.; Gerber, C.; Gimzewski, J. K.; Drechsler, U.;
Rothuizen, H.; Despont, M.; Vettiger, P.; Battiston, F. M.; Ramseyer, J. P.; Fornaro, P.;
S15
Meyer, E.; Guntherodt, H. J., Ultramicroscopy 2000, 82, 1-9. (b) Berger, R.; Gerber, C.;
Gimzewski, J. K.; Meyer, E.; Guntherodt, H. J., Appl. Phys. Lett. 1996, 69, 40-42.
(2) Ishii, H., Harada, Y.; Asaka, T.; Murakami, Y.; Honaoka, T.; Ikeda, N. Yakugaku Zasshi
1976, 96, 1259-1264.
(3) Stoddart, J. F. et al. J. Am. Chem. Soc. 1992, 114, 193-218.
(4) Stoddart, J. F. et al. Chem. Eur. J. 1997, 3, 152-169.
(5) Perrin, D. D.; Armarego, W. F. L. Purification of Laboratory Chemicals; Pergamon:
Oxford, 1989.
(6) Liu, Y.; Flood, A. H.; Moscowitz, R. M.; Stoddart, J. F. Chem. Eur. J. 2004, 10,
369–385.
Complete References of the Main Text:
(44) Anelli, P.-L.; Ashton, P. R.; Ballardini, R.; Balzani, V.; Delgado, M.; Gandolfi, M. T.;
Goodnow, T. T.; Kaifer, A. E.; Philp, D.; Pietraszkiewicz, M.; Prodi, L.; Reddington, M.
V.; Slawin, A. M. Z.; Spencer, N.; Stoddart, J. F.; Vicent, C.; Williams, D. J. J. Am.
Chem. Soc. 1992, 114, 193-218.
(45) Ashton, P. R.; Ballardini, R.; Balzani, V.; Boyd, S. E.; Credi, A.; Gandolfi, M. T.;
Gómez-López, M.; Iqbal, S.; Philp, D.; Preece, J. A.; Prodi, L.; Ricketts, H. G.; Stoddart,
J. F.; Tolley, M. S.; Venturi, M.; White, A. J. P.; Williams, D. J. Chem. Eur. J. 1997, 3,
152-169.
